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Introduction

Higgs pair production process gives access to the
value of the Higgs self-coupling x;(= 13 / 23 sn),
which describes the shape of the Higgs potential:

V(H) =5 miH? + A3H? + 5 A,H* + O(H®)

« Non-resonant ggF production mode:

Destructive interference between the two diagrams

Non-resonant ggF
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- 629" (HH) = 31.05fb @13TeV

« Non-resonant VBF production mode:
Unique sensitivity to x,y, but more rare process

- o%SF(HH) =1.73fb @13TeV g

« Resonant process X — HH is predicted by many extensions of the SM:

electroweak singlet models, two-Higgs-doublet models, MSSM, ...




HH decay modes

Larger BR from H — bb decay, required by the majority of analyses for one of the two H decays.

For the second Higgs, analyses focus on different decay modes, in particular the most used are:

> bbbb: larger BR, but challenging backgrounds from multijet production

> bbWW: second leading BR, large tt background, & WwW o = w
searches in both semi-leptonic and di-leptonic final states bb
> bbtt and bbZZ: smaller BRs, leptons (e/u) or hadronic-t W T
used for triggering depending on the final state
T 7.4% 25% | 0.39%
> bbyy: smallest BR but very sensitive analysis thanks to the
, , , 77 3.1% 12% | 0.34%
excellent acceptance (yy trigger) and reconstruction resolution
YY 0.26%

The most updated results in all channels will be presented, with

emphasis on 2021 results, covering also the Resonant searches.




ATLAS 36 fb~1 combined results

Physics Letters B 800 (2020) 135103
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« Non-resonant Higgs pair production searched in six different T
ATLAS —e— Observed

decay channels: [ (5=13Tev, 275-361f07 o Eigggggib 1
bbbb, bbtt, bbyy, WWWW, WWyy, bbWW Gl YR 335 el
N Obs. Exp. Exp.stat. |
- The 3 most sensitive channels have been combined obtaining HEES D | = Bk &\’
a better limit on the HH cross section production Eiie=2ibhnl | 22 e B
HH— bbyy 20.3 26 26
« New round of bbbb, bbtt and bbyy analyses with 139 fb~1 TR T ey Tk -
: . I HH- W'Wyy 230 170 160
« New analyses focusing on (semi-) leptonic final states: - -
_ _ . HH—> bBW'W’ 305 305 240
bbWW, bbt¢ and multilepton -
Combined J 6.9 10 8.8
vl |
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https://www.sciencedirect.com/science/article/pii/S0370269319308251

Non-Resonant search CMS 137 6 (13 TeV)

CMS HH - bbyy (137 fb™1)

10" 4 Data [7lggH EJVBF H
- Two BDTs are used to discriminate ggF and VBF HH signals from backgrounds

6L —SMggF HHx10° []VH []fiH

Events / 0.01
)

ggF BDT output

- Additional Deep Neural Network (DNN) to further improve the separation
against ttH

- 12 ggF and 2 VBF HH optimised regions are defined from cuts on:
BDT outputs and My = Mypy, — Mpp — My, + 2my

O 0.1 02,,—03 04 05 06 07 08 09' 1

ggF MVA
- Backgrounds estimated from 2D fit to m,,, and m;; side bands in all regions
Yy jJ
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

Non-Resonant search

ATLAS HH — bbyy (139 fb~1)

* _ H L I L L 7]
-+ Cuts are on myy,, = Mppy,, — Mpp — My, + 250 GeV (high/low mass) = A
. . . . < 07— ATLAS Preliminary HH ggF, «,=1 -
and BDT scores (loose/tight), resulting in 4 categories 2 F (s=13TeV, 139" —— HHggF, k=10 [
g 0.6F- High mass region Single H E
- BDT trained for each mass region vs yy, ttH, ggH, and ZH backgrounds 5 ok ok 1 Yr+jets E
-S E 0.25 { Data E
- The analysis is optimised for ggF HH. 8 04F T
However, VBF HH events are also considered as signal 0.3; A =
- Backgrounds estimated from fit to m,,, side bands 02 . =
0.1 ':lz—:
- Fittom,, in 105 < m,, < 160 GeV range in all the regions to extract HH signal ST aees s ety 4
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c: oL Total Background High mass BDT tight | & 1045- FiFl—bbyy =1 Expected limit +26 1 | Observed (expeCtEd) limits at 95% CL:
i - | E b E== Theory prediction
% L i U& I i‘( SM prediction HH HH SM
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https://cds.cern.ch/record/2759683/files/ATLAS-CONF-2021-016.pdf

ATLAS X - HH - bbyy (139 fb~1)
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~ S o7 ATLAS Preliminary \ Dato
- Resonant analysis targeting X - HH — bbyy with masses my from 251 to 1000 GeV ~ £ [ s=13Tev, 139" — my =500 GeV]
3 0.6 HH—bbyy — yytets -
. . . . . 5 Single Higgs -
- Asingle BDT is trained for all resonance masses with a two steps architecture: = — SM HH
£

- First BDT to discriminate

. Second BDT to discriminate 4 BDTmy =500 GeV |
- Combined output used to define analysis regions, 68 |
with mass-dependent cuts applied to define SRs for the different tested mass points -

- Background estimate and fit procedure as in non-resonant analysis, with the SM HH
expected signal counted together with the other backgrounds
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https://cds.cern.ch/record/2759683/files/ATLAS-CONF-2021-016.pdf

Non-Resonant searches

CMS HH - bbbb (138 fb~1)

Resolved (ggF and VBF) and boosted (only VBF) analyses

Resolved (CMS-PAS-HIG-20-005):

- ggF and VBF HH events are classified trough a BDT

- x= \/(mHl - 125GeV)2 + (my, — 120GeV)2 distance used to build SRs and CRs

Boosted (CMS-PAS-B2G-21-001);

- ParticleNet multiclass classifier to discriminate between large-radius jets
from H — bb decays and those from QCD multijet processes

- 3regions defined based on the MVA output: High, Medium and Low purity

» Large multijet background
estimated from data

< Binned maximum likelihood
fits done on all SRs and CRs
to extract limits

Observed (expected) limits at 95% CL.:

HH HH SM
> O'ggF_l_VBF < 36 (73) X UggF+VBF

> —2.3(=5.0) < Ky < 9.4 (12.0)
> —0.1(-04) < kyy < 2.2(2.5)
> 0.6 (0.6) < Ky < 1.4 (1.4) Boosted
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https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf
https://cds.cern.ch/record/2776802/files/B2G-21-001-pas.pdf
https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf
https://cds.cern.ch/record/2776802/files/B2G-21-001-pas.pdf

500 138 fb™ (13 TeV)
C T T T T T s :
" — .'6 CMS ; Data .

; 400 |~ Preliminary ZZ= Total bikg unc. 3

CMS X - HH — bbbb (138 fb~1 S wbmen o ET-

QJ Multijet 3

Lﬁ =0 m— Radion (narrow)-1500 }

200

- Resonant analysis targeting massive BSM resonance X with a mass my of 1 —3 TeV 100
- Fully boosted or semi-resolved topologies studied: 1 or 2 large-R jets in the event o aF =
2 of .
+ Merged H - bb jets are identified with a DNN tagger, used also to categorize events § s e E

+ Reduced mass variable m,q used to mitigate jet energy and mass resolution fluctuations ~® ' ™ 01 8 )
Fully boosted analysis:  myeq = my; — (m; —my) — (my, — my) > 750 GeV

Semi-resolved analysis:  myq = m;;; — (m; —my) — (mj; —my) > 750 GeV

138 fb” (13 TeV)
300 CMS /’ Data _E
Preliminary ZZ Total bkg unc. 3
L =

Multijet

250
- Background: dominant QCD from data, tt + jets templates from MC 200
fit to data in each bin of 2D (m;, m,.4) Space. 150

75 <m, < 105 GeV

Events / bin

== Radion (narrow)-1500

T N — |1|38|fb|'1(l13|T§V_) = 10° . |1|38|fb|‘1(l13th?V_) 100 =
% - cms E % - cMs E 50 -
LE : Preliminary : L'_§ " Preliminary ] i = ]
. ) . % 1 02 L —— Observed _ % 1 02 L —— Observed _ g 4
A likelihood fit to data, I - Expected (95% CL) E X = Expected (95% CL) E ,%’ g
. & C I + 1 6 Expected 1 @ C I + 1 6 Expected 1 s
) Comblnlng the );x B + 2 o Expected 1 zx B +2 o Expected i a 2 =
different categories, 10e — TheoryX_, E 10 — TheoryX__ E 1000 1500 2000 2500 3000
is used to test the F . F ] Mreq (GEV)
signal hypothesis 1L . e . 8 — 10% improvement
- : i : in mass resolution
CMS-PAS-B2G-20-004 ¢ ] B ]
10—1 1 I 1 1 1 1 l 1 1 1 1 | 1 1 1 1L | 1 1 1 1 1 10—1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 9
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https://cds.cern.ch/record/2777083/files/B2G-20-004-pas.pdf

Resolved topology analysis:
« Resonances ranging my € [251,1500] GeV

« BDTs are used to pair b-jets

« Data-driven background (~95% multijet, rest tt):

NN reweighting correction applied
Boosted topology analysis:
« Resonances ranging my € [900,3000] GeV
« Atleast two large-radius jet requirement
« B-tagging done with track-jets: 1 or 2 b-tags
« Three categories: 2b, 3b and 4b

« Multijet background is data-driven, tt from MC

Ogar(PP—X—HH) [fb]
2

ATL-CONF-2021-035

ATLAS X -» HH — bbbb (126 — 139 fb" 1)

. ATLAS PreI|m|nary
F Vs = 13TeV, 126-139 fo-! _
[ Spin-0

— Observed limit (95% CL) 3
- Expected limit (95% CL) ]

- Resolved expected limit ]
- Boosted expected limit

Expected limit + 10
Expected limit +20

102 3
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10° 3
250 500 7000 2000 3000
m(X) [GeV]

ATLAS Prellmlnary
: \/__ 13 TeV, 126-139 fo-! _

\/
*
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< Signal regions are defined in my ,my, plane

Fit done on myy distribution
Limits set at 95% CL on spin-0 and spin-2 narrow
resonance signal hypotheses

Observed limit (95% CL) 3
- Expected limit (95% CL)

Expected limit + 10
Expected limit +20

Resolved expected limit |

Boosted expected limit
RS Graviton, k/Mp; =1

7000

2000 3000
m(Gy) [GeV]

Most significant

excess at 1100 GeV
with local (global)

significance of:

2.6 0 (1.0 o) for spin-0
2.7 0 (1.2 o) for spin-2

signal models



http://cdsweb.cern.ch/record/2777861

Non-Resonant search
ATLAS HH — bbtt (139 fb~1)

- Semi-leptonic and full hadronic = decays are considered: 7,.,Thqq aNd ThaaThaa

ATLAS-CONF-2021-030

- Triggers: single-tau or di-tau for 7,447pqq, single-lepton (SLT) or lepton+tau (LTT) triggers for 7,.,Thaq

- MVA analysis strategy: BDT in 144Thqq Category, NN in 7., 75,4 Categories (split per trigger type)

- Fake-tau background estimated from data Observed (expected) limits at 95% CL:
Maxi Likelihood fit on MVA distributions in the th > ofikver < 47 (3.9) X 0053y
- Maximum Likelihood fit on output distributions in the three ggF+vBF < 4.7 (3. ggF+VBF
event categories, and to the my; distribution in the Z + HF CR combining all the categories
p A 1) 4 =S R S L SELLE SR PR D RSl I 15109 5
S ATLAS Preliminary s Data - s 2 ATLAS Preliminary L P ATLAS Preliminary L
B 10fL- 5=18TeV, 130" _irp:':::kex"' limit p- 10°E (5=13Tev, 139 1b" _irp:':::kex"‘ limit p {s=13TeV, 139 i _:rp:':l::kex"‘ limit
o Thadhad Jet — 1, fakes (MJ) & 107 Tepthas SLT Jet — 1, fakes ] TiopThaa LT Jet — 1, fakes
@ 10° Signal Region Z — 1t + (bb,bc,cc) @ Signal Region Z — 1+ (bb,bc,cc) T Signal Region Z — 11+ (bb,bc,cc)
I Jet > 1, fakes (tf) 10° I Other [ Other
Il Other s SM Higgs SM Higgs
10* SM Higgs 10 XY Uncertainty XY Uncertainty
X Uncertainty 1 Bl ««++ Pre-fit background «+++ Pre-fit background
103 ===+ Pre-fit background 10
10°
2
10 102
10 10
1
ram rE A PRI BT 1
< 15T T T < 15 T T =
I §§ 5 f SR E 5 f S
a 15_.u\.\\\.\\\«\\\.\\\\Q\\\\t\\\\s\\\\i\\\\&«\\\\*\\\\\;\\\#\\ X o 15_._..... o o ........‘..‘\.\\\\Q\\\‘\\\Q\\\\*\\\\\ \\ y o 1?.“\.H\.\H.\\\.m«\\‘\\\(\\\*\\\;\\\\\\\\\\\\ \ E
% 05:...|...|‘..|...|...|...|...|...|..‘|...: % 0 Bl i ifonms il jepalbe jos s pollien il spel] o e o % 0 TR NI YR N
o ¥=1 08 06-04-02 0 02 04 06 08 1 o ﬁ) 0.1 02 03 04 05 06 07 08 09 1 0 %) 0.1 02 03 04 05 06 07 08 09 1 11
BDT score NN score NN score



https://cds.cern.ch/record/2777236/files/ATLAS-CONF-2021-030.pdf

ATLAS-CONF-2021-030

ATLAS X - HH - bbtt (139 fb~1)

- Resonant HH production search targeting resonance masses my
between 260 and 1600 GeV

T T T T T LA Y I N N L Y L L L B L B B

B ---- Comb. Exp. """ TiepThad EXP-

% —— Comb. Obs. —— TiopThaa OPS.
] Comb. Exp. £16  -=-- T,,(Tpaq EXP.
[ JComb. Exp. 26 —— 1,1, Obs.

10°

- Same event selection and categorization of the non-resonant analysis

T~ T T TTTTT
1 IIIIIII|

95% CL limits on & (pp — X — HH) [fb]

- Parametrised Neural Network (PNN) in the mass of the heavy resonance 1025— //j
- Same background modelling and fakes estimation of non-resonant analysis [ N W 1
. L . o . 1o 090902 -
- Maximum Likelihood fit on PNN output distributions in the three = ATLAS Preliminary s
event categories, and to the my; distribution in the Z + HF CR - 5=13TeV, 130" | | | 1
400 600 800 1000 1200 1400 1600
8 1 aTiAS Protminary ||+ DT S 10°F arias preiminary |+ D T & Famias preimnary |+ D T m, [GeV]
% 107E (s=13Tev, 139 1b™ m:;x:do'zev o 10°E (s=13Tev, 139 b mx=1()pdoGev > 10°E s=13Tev, 130 1" mx=1:606ev
E e AT B R ke & o RIS
o ot o fakes (3 10’ — o — vl At my = 1 TeV found the
- oM Higgs i K5 Uncortsity K Uncortainty largest excess with a local
104 Unce_ngaginty 105 Pre-fit background 104 """""  Justebhitades ‘ Pre-fit background g . e
i " Eieih beckarowd (global) significance of
- 3.00 (2.0532 o)
10
1 1
o 2T I"“I""I""I"::I: """" [""(:l::'l"": o Ee]
© 15 3 o o
% N E;]:_— ° BRSNS N \\\\: % 5 E %‘ o
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PNN (m = 1000 GeV) score PNN (m = 1000 GeV) score PNN (m = 1000 GeV) score


https://cds.cern.ch/record/2777236/files/ATLAS-CONF-2021-030.pdf

Non-Resonant searches ATLAS : ol

e -1 I Top
Vs =13TeV, 139 fb B Z/+jets HF

HH - bbWW /ZZ searches SRS amaro o =2

ATLAS HH — bb¢¢ analysis (139 fb~1 Phys.Lett. B 801(2020)135145):

Events / 1

- 90% of total signal yield in SR from bbWW, 9% bbtt and 1% bbZZ

Multi-class NN trained on ggF signalvs Top, Z/y* » ¢fand Z/y* - 1t

125

10 \ \\M\\\N\\\\%&K

11 11
137 fb (13 TeV) "d.,
el CMS B 9g—ZZ—-4l

CMS HH — bbZZ — bb4¢ analysis (137 fb~1 CMS PAS HIG-20-004): altE oM Hiogs
Preliminary BtV where V = Z, W

B mmVVV where V=2 W
10 X
—o-Data
102 - - HH—bb4l signal

Fit on combined NN output dyy: ot < 40 (29) x oft°™ at 95% CL

Data / Pred.
5!
/IV/V/I/

9 BDTs trained (for each data taking year and lepton flavour 4e/4u/2e2u)

Fit on BDT outputs: agor < 30 (37) x o> at 95% CL

ATLAS bbWW 1-lepton analysis (published in JHEP 04 (2019) 092 with 36 fb~1) 107

. . . . - -1 -08 -06 -04 02 0 02 04 06 08 1
is under re-optimisation with full Run2 dataset using MVA approach BDT score

to deeply improve the previous limit of 305 x ¢/}/-*" at 95% CL

o T

4 +4H

44

111 1 | | | |l gl gl 1 I Il
1 -08 -06 -04-02 0 02 04 06

Data/x Bkg
| © _.i\) w



https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://cds.cern.ch/record/2725691
https://link.springer.com/article/10.1007/JHEP04(2019)092

I CMS X —» HH - bbqqlv or 2¢ (138 fb~1)

10

107

Single lepton and dilepton final states:
HH — bbWW* - bbqqlv or bblvlv, HH — bbtt — bblvvlvv

my between 800 GeV and 4.5 TeV: H — bb boosted — AKTS jet

1-lepton channel:

- Boosted W — qq decay reconstructed with 1 large-radius jet

- Likelihood-based reconstruction of H > WW* 4-momentum

- Events divided in e/u categories

2-lepton channel:

Events /6 GeV

Data / fit

- Events split in same-flavour (SF) and opposite-flavour (OF) categories
138 fb™' (13 TeV)

138 " (13 TeV

~
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CMS
Preliminary 95% CL upper limits
Spin-0 X —e— Observed
----- Median expected
[ 68% expected
] 95% expected

Radion (A;=3 TeV)
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Bulk graviton (k=0.5

1IIII1IIIII|

Ellllll\lllll‘Illllllll‘lllllll\Illll!]E
- CMS ;
I Preliminary 95% CL upper limits i
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1000 1500 2000 2500 3000 3500 4000 4500

m, [GeV]

CMS-PAS-B2G-20-007

CMS Pre/lmmaiy 138 fb 1 3 TeV & MS Prellmmary 1 38 fb 13 TeV
3
a5k L HP "} Data = [algbkg. ] s 10F olwe '} Data | [a/gbkg.
= Z=Fitunc. [ ]Lost YW bkg. 3 ‘g Z=Fitunc. [ ]Lost YW bkg.
30E- —1TeV X, m,bkg. 3 S 10° 1 ToV X, JI m,, bkg.
E —3TeV X, Jll m, bkg. e S —3TeV X, JHll m; bkg.
o5E GB(X — HH) =0.2 pb 32 4 GB(X — HH) =0.2 pb
B =l
20E ] l 3@

Data / fit

7000 1500 2000 2500 3000 3500 4000 4500 5000
my, [GeV]

20 60 80 100 120 140 160 180 200
me [GeV]

Additional categorization for loose/tight (bL/bH) bb-tagging
and low/high-purity (LP/HT) of the I/ — qq jet substructure
— 12 regions in total

tt, W + jets and multijet backgrounds from MC templates

Simultaneous 2D fit on my;, and my distributions in all
the regions

95% CL limits set for spin-0 and spin-2
resonance masses



https://cds.cern.ch/record/2777173

ATLAS combination

> Preliminary combination of the non-resonant and resonant HH searches

» The combination of bbtt and bbyy full Run2 non-resonant analyses leads to
improved observed (expected) limits at 95% CL.:

HH HH SM
> 0ggrsvpr < 3.1 (3.1) X 0ggrivprF

> —1.0(-1.2) <k; < 6.6 (7.2)
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Obs.  Exp.
bbttt } 4.6 3.9 —
ATLAS Preliminary —— Observed limit (95% CL)
3 _ === Expected limit (95% CL) o _
- Vs=13TeV, 139 fb = Comb. exp. limit +10 bbyy 4.3 57
I [ Comb. exp. limit +20
E==3 Theory prediction |
79( SM prediction | Combined 'Y 3.1 3.1 ]
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10

95% CL upper limit on signal strength

ATLAS-CONF-2021-052

K - — —
> Narrow-width spin-0 resonance signaAI hypothesis tested in bbbb, bbtt and
bbyy ATLAS analyses

» Each analysis lead the combined sensitivity in different my regions
between 251 GeV and 3 TeV

. . . 15
> Largest excess at 1.1 TeV with local (global) significance of 3.2 6(2.1 0)
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" ATLAS and CMS 3000 fb™" (14 TeV)
2 'l HL-LHC prospects [
Summary S | s 057 <m <15
" I —— CMS
. . . I —e— Combination
> Many new results in different HH decay channels released this year! 8-
And more channels coming soon!!! i
6_
> Improved limits with larger statistics and new MVA analysis techniques
4,—, ,,,,,,,,,,,,,,, o 950/0
> VBF production mode now accessible and results on k,, released i
. . . . . 2_ H L]
> Resonant HH limits improved with MVA boosted topology reconstruction - N/ arXiv:1902.00134/ .,
. . . . . . o—llllllllll lllll IIIlllllllIlllllllllllllllllll
> Prospects done scaling partial-Run2 results to High-Lumi statistics =2 -1 0 1 2 3 4 5 6 7 8
I 1 1 | 1 LI l l ! T I 1 LI | l l T T lll T T T T |||| k)\’
ATLAS Preliminary — Observed CMS —e— Observed ---- Median expected L .
VS =13TeV,27.5—-139f~r " Expected Preliminary B 638% expected N OW fl n I S h I ng th e
Expected + 2 0 13 TeV 1252 95% expected
e = Expected £ 10 B last analyses and
Old bbbb, bbrz, bbyy, | ATL-PHYS-PUB-2021-031 | Run i 2016, 35.9 1" combinations
WWWW, WW}/'}/, bbWw Obs. Exp. Expected 12.8 Phys. Rev. Lett. 122 (2019) 121803
Observed 22.2
Combined 6N-9 i 10 i -1 .
27.5—36.1 o1 | Phys. Lot B 800 2020) 135103 gg,ffe’dﬁg b GMSRAS-HIG:20:004, Th en |OO kl ng
= Observed 32.5
bbe*vt-y| CTIE g - . forward to Run3
139 fb Phys. Lett. B 801 (2020) 135145 bbbb, 138 fo! S ) )
-PAS-HIG-20-005
bbyy o2, | Omeened 3ot and High-Lumi!!
139 fb~1 ATLAS-CONF-2021-016 - _
-1
bbttt—|L an;zis » (M%;?BF i gzzzt;g 53 585fb JHEP 03 (2021) 257
139 fb_l TR T | 1 I 1 |AT|LAS—CON’:-2?)921-0:;0 Observed 8.40 | L v o g vl R WEE T
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95% CL upper limit on o (pp = HH) normalised to ogu

95% CL limit on o(pp — HH (incl.)) / O
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ATLAS+CMS prospects for HL-LHC

arXiv:1902.00134

- Scaling sensitivity of partial Run2 analyses (2015-2016) to L = 3000fb~! and /s = 14 TeV

- Combination done using most sensitive ATLAS and CMS analyses

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 12 061 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvv) . 0.59 = 0.56
HH — bbZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6
Significance in Combined Combined |
standard deviations 4.5 4.0

Improvements are going beyond the increase of luminosity:
- Improving performance
- Reducing systematic uncertainties (experimental and theoretical)

- Improving analysis techniques

0.57 < k; < 1.5 with syst. unc.
Second minimum excluded at 99.4% CL

ATLAS and CMS

" 3000 fb™" (14 TeV)

* HL-LHC prospects
—e— ATLAS

-2AIn(L)

—e— CMS
-eo— Combination



https://arxiv.org/abs/1902.00134

ATLAS Run2 Resonant searches combination

Local pO-value as a function of the heavy resonance
mass my for the spin-0 resonance model

Each curve represents the p,-value corresponding to
the single bbbb, bbtt, bbyy analyses, as well as the
po-Vvalue resulting from statistical combination of the

different analyses

The largest excess in the
combined limit is found
atmy = 1.1 TeV and it
corresponds to a

local (global) significance
of 3.2 0 (2.10)
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ATLAS-CONF-2021-052
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ATLAS X - HH — bbbb (126 — 139 fp~1) o=

: . . . —.200 no:
- Signal regions are defined in my_ ,my, plane 3 3
’:51180 3.02
« Fit done on myy distribution = sg
W
« Limits set at 95% CL on spin-0 and spin-2 narrow -
resonance signal hypotheses 120
1.5
« Most significant excess at 1100 GeV with local (global) =
. s . 1.0
significance of 2.6 ¢ (1.0 g) for spin-0
and 2.7 o (1.2 o) for spin-2 signal model 05
% ATLA'S Prelimill"nary T T > 104 — T T T T T .' —T T T T T T 80 100 120 140 160 m('-1‘18)0[Ge\2/;)0
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Non-Resonant search

— _1 ~
ATLAS VBF HH % bbbb (1 2 6 fb ) 3200__ ATLAS Simulation

2. | (s=13TeV, 126 b

S - - i +VR+
VBF HH candidates selected requiring 4 central b-tagged jets and > 2 forward jets [ S nomresonant B SRS
Pairing of b-jets done minimizing a distance Dyy: 150r

_ lead 2 blead\? |; _q (mPread _1 (1165 GeV i

Dyy = \/ (my5)” + (m3pee) \Sm (tan (# - tan™* (3375) s
Concentric SR, VR and side-band regions are defined in m3¢ vs m3¥b!ed 2D mass plane

2 2

lead sublead

. . m —-123.7 GeV m —116.5 GeV
SR is defined by Xy = ( 2b11.6 GoV ) ( 2b 161 CeV ) <1.6

Fit to my,, distribution with ggF HH events considered as background
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:>j E Post-fit uncertainty 3 g_ 4 B HH— bbbb Exqecied IMIEERCL; 4 > _0.43 (_0.55) < KZV < 2.56 (2-72)
102 ? © o -~ spin-0 narrow resonance (800 GeV) —| & 10 g_ - Expected + 1o —g
10 102k Rl et N Results limited by statistical precision,
1k h; . followed by multijet background systematics
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https://link.springer.com/content/pdf/10.1007/JHEP07(2020)108.pdf

ATLAS VBF X - HH — bbbb (126 fb1)

Same event selection of the non-resonant analysis

Two classes of signals are tested with my in the range 260 — 1000 GeV':
«  Spin-0 narrow resonance, width 4 MeV

«  Spin-0 broad resonance, width 10 — 20% of my

Fit on my,;, distribution for the different signal hypotheses

Upper limits set for each mass point for the two signal classes

Spin-0 narrow resonance
with my = 800 GeV’ |[HEP 07 (2020) 108
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Non-Resonant search

CMS Preliminary 102 fb™' (13 TeV)

_— — 2 700f- HH—bbbb  §  2017-2018 Data
— [ ggF high-m
CMS HH — bbbb (138 fb~! i S
L 600 ¢ $59 Bkg. unc.
—— SMggF-HH x 100
500

—— VBF-HH (i,,=2) x 100

,TIIIIIIIII

Resolved (ggF and VBF) and boosted (only VBF) analyses

- ggF and VBF HH events are classified trough a BDT

- Adistance y = \/(mHl —125GeV)” + (my, — 120GeV)” is used to build SRs and CRs

- The large multijet background is estimated from data and a maximum likelihood .9
bInI’]Ed ﬂt |S S|mU|taneOUS|y performed |n a” SRS XO) 121 ' ........................................
= %% 0702703040506 07 0809 1
o ) BDT Output
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https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf

Non-Resonant search

- VBF specific category focused on highly boosted Higgs bosons in the 4b final state
- The main challenge is the efficient reconstruction of H - bb

- — ParticleNet multiclass classifier to discriminate between large-radius jets
from H - bb decays and those from QCD multijet processes

- Three regions defined based on the MVA output: High, Medium and Low purity

- Main background sources from tt and QCD multijet production, this last estimated
from data in QCD-enriched CRs

- A binned maximum-likelihood fit using
the myy templates is performed
simultaneously with all SRs and CRs

event categories

CMS HH - bbbb boosted (138 fb™1)
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https://cds.cern.ch/record/2776802/files/B2G-21-001-pas.pdf

CMS-PAS-HIG-20-014

I CMS X - Hhg — bbtt (137 fb™1)
Not a proper “di-Higgs” production

- Search targeting a resonance X decaying in a SM Higgs and another scalar hg: 240 GeV < my < 3TeV

: . 60 GeV <m,_ < 28TeV
- H - 77 reconstructed in categories: ety, Utp, Thth s

- Multiclass NNs categorize events building 1 SR and 4 CRs for each final state and data taking period (45 categories)
This classification is done for each point of the phase space with a different NN.

- An extended binned maximum likelihood fit is performed in all the categories simultaneously on the NN output
distribution max(y;) withi =1,..,5
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